Root hairs are tubular outgrowths specifically differentiated from epidermal cells in differentiation zone. The formation of root hairs greatly increases the surface area of a root and maximizes its ability to absorb water and inorganic nutrients essential for plant growth and development. Root hair development is strictly regulated by intracellular and intercellular signal communications. Cell surface-localized receptor-like protein kinases (RLKs) have been discovered as important components in these cellular processes. In this review, the functions of a number of key RLKs in regulating Arabidopsis root hair development are discussed, especially those involved in root epidermal cell fate determination and root hair tip growth.
INTRODUCTION
Roots play important roles for plants to survive and adapt to the ever-changing environments. Based on cellular characteristics, a root can be divided into root cap, meristematic, elongation, and differentiation zones longitudinally along its apical-basal axis (Petricka et al. 2012 ; Wierzba and Tax 2013) . Vascular plants develop root hairs, which are tubular-shaped extensions of epidermal cells, in the differentiation zone. The presence of root hairs significantly increases the overall surface area of a root and effectively expand its ability to absorb water and mineral nutrients from its surrounding environment (Grierson et al. 2014) . Three different types of root hair/non-hair cell patterns have been discussed in literature (Dolan 1996) .
In type I, every epidermal cell can be potentially developed into a root hair randomly as observed in rice. In type II, such as in Brachypodium, a root hair is developed from smaller daughter cell of an asymmetrically divided epidermal cell. In type III, as in Arabidopsis, the epidermal cell fate is strictly determined by an unidentified positional signal. Cells adjacent to two cortex cells (defined as H position) are able to form hair cells, whereas those attached to a single cortex cell (defined as N position) become non-hair cells ( Figure 1A ; Dolan 1996) . After cell fate determination, a tiny disc-shaped bump is formed at the basal end of a trichoblast. The formed bulge grows slowly at the beginning and then elongated quickly through a tip growth process to form a root hair (Dolan et al. 1994; Grierson et al. 2014) .
Root hair development is concertedly regulated by numerous external and internal signals. Inorganic minerals in soil, such as phosphate (Pi) and manganese (Mn), have great effects on root hair development. Under low Pi condition, plants show a significant increase in the density and length of root hairs (Ma et al. 2001) . Mn deficiency can also substantially change the pattern and characteristics of root hairs (Yang et al. 2008) . Reactive oxygen specifies (ROS) have been found to regulate root hair tip growth via modulating cell wall properties (Monshausen et al. 2007 ). Plant hormones, such as brassinosteroids (BRs), auxin, and ethylene, are all key regulators of root hair morphogenesis (Tanimoto et al. 1995; Masucci and Schiefelbein 1996; Kuppusamy et al. 2009 ). For instance, blocking either BR biosynthesis or signal transduction leads to a disordered hair/non-hair cell pattern in root epidermis (Kuppusamy et al. 2009 ). Appropriate auxin distribution is crucial for both of cell fate determination and polarized cell expansion during root hair formation (Masucci and Schiefelbein 1996) .
Receptor-like protein kinases (RLKs), a class of single-pass transmembrane proteins located in the plasma membrane, sense and transmit a variety of signals to regulate plant growth and development (Shiu and Bleecker 2001) . More than 610
RLKs have been identified in Arabidopsis, representing one of the largest protein families (Shiu and Bleecker 2001) . A typical RLK consists of an extracellular domain, a transmembrane domain, and an intracellular serine/threonine kinase domain. The extracellular domains of plant RLKs differ drastically in size and architecture, allowing them to be able to sense diverse signaling molecules, such as steroids and various peptides. The transmembrane domain ensures RLKs to be anchored in the plasma membrane. The cytoplasmic kinase domain is activated upon ligand perception to regulate downstream cytoplasmic components mostly via phosphorylation (Shiu and Bleecker 2001; Wang et al. 2007 ). Within 610 RLKs, there are also approximate 150 receptor-like cytoplasmic kinases (RLCKs) that lack the extracellular domains. Usually, RLCKs functionally associate with receptor complexes to activate corresponding intracellular signaling (Shiu and Bleecker 2001; Shiu et al. 2004; Wang et al. 2007 ).
RLKs play essential roles in a wide range of physiological processes. For example, BRASSINOSTEROID INSENSITIVE 1 (BRI1) acts as the receptor of BR to regulate multiple aspects of plant growth and development (Li and Chory 1997; Kinoshita et al. 2005) . RGF1 INSENSITIVES (RGIs) can sense RGF1 peptide signal to maintain root meristem activity in Arabidopsis (Ou et al. 2016) . ERECTA family members perceive EPIDERMAL PATTERNING FACTOR (EPF) to specify stomatal patterning (Lee et al. 2012) . EXCESS MICROSPOROCYTES1 (EMS1), also known as EXTRA SPOROGENOUS CELLS (EXS), is required for the differentiation of tapetum during anther development (Canales et al. 2002; Zhao et al. 2002) .
RECEPTOR-LIKE PROTEIN KINASE2 (RPK2) are required for the differentiation of middle layer cells during early anther development (Mizuno et al. 2007 ). BARELY ANY MERISTEM1 (BAM1) and BAM2 ensure the formation of all anther somatic cell layers, including the endothecium, middle layer, and tapetum (Hord et al. 2006) . BAM3 is important for the differentiation of protophloem in root (Depuydt et al. 2013) . POLLEN-SPECIFIC RECEPTOR-LIKE KINASE 6 (PRK6), an LRR-RLK, regulates pollen tube tip growth via activation of ROP signaling (Takeuchi and Higashiyama 2016) . Pattern recognition receptors, such as FLAGELLIN SENSITIVE 2 (FLS2), ELONGATION FACTOR TU RECEPTOR (EFR), PEP RECEPTOR 1 (PEPR1) and PEPR2 are able to sense pathogen-and damage-associated molecular patterns as the first line of defense in plant immunity Zipfel et al. 2006; Yamaguchi et al. 2010) . In most of these cases, SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES (SERKs), including SERK1, SERK2, BRI1 ASSOCIATED RECEPTOR KINASE 1 (BAK1) and BAK1-LIKE 1 (BKK1), act as co-receptors, playing indispensable roles in the early events of the signaling pathways (Li et al. 2002; Li et al. 2017; Chinchilla et al. 2007; Roux et al. 2011; Gou et al. 2012; Santiago et al. 2013; Sun et al. 2013; Meng et al. 2015; Song et al. 2016) . A number of RLKs have also been identified as essential regulators for Arabidopsis root hair development. In this review, we mainly focus on functions of those RLKs in determining root hair cell fate and regulating root hair tip growth.
ROOT EPIDERMAL CELL FATE DETERMINATION
Arabidopsis root epidermal cells develop into two distinct cell types when entering into the differentiation zone. Only the epidermal cells lying above the junction of two cortical cells can form root hairs, while those contacting with only one cortical cell usually fail to develop into root hairs (Dolan 1996) . Thus, the Arabidopsis root hairs and a lysine at position 630 usually feature as aspartate and asparagine in other functional RLKs, respectively (Chevalier et al. 2005) . Since both residues are in the catalytic loop of the kinase domain, they are supposed to be important for the kinase activity of SCM. Indeed, SCM fails to either autophosphorylate itself or transphosphorylate myelin basic protein (Chevalier et al. 2005) . Surprisingly, the kinase domain itself but not the catalytic activity is important for the function of SCM in plants, as over-expression of the kinase-dead SCM can completely recover the phenotypes of scm mutants (Chevalier et al. 2005) .
Downstream SCM, a transcriptional regulatory network involving in root epidermal cell fate decision has been established (Ishida et al. 2008) . GLABRA3 (GL3) and EHANCER OF GLABRA 3 (EGL3) encode two homologous basic helix-loop-helix (bHLH) transcription factors (Bernhardt et al. 2003) . WEREWOLF (WER) and TRANSPARENT TESTA GLABRA (TTG) belong to MYB and WD-40 repeat transcription factor family, respectively (Galway et al. 1994; Lee and Schiefelbein 1999) . These three groups of transcription factors form a complex in non-hair cells to promote the expression of GLABRA 2 (GL2), a homeodomain transcription factor (Masucci et al. 1996; Zhang et al. 2003; Song et al. 2011) . GL2 inhibits the expression of ROOT HAIR DEFECTIVE6 (RHD6), a bHLH transcription factor positively regulating root hair development, leading to non-hair cell fate (Masucci and Schiefelbein 1994; Lin et al. 2015) . On the other hand, the WER-GL3/EGL3-TTG complex can promote the expression of CAPRICE (CPC), a distinct MYB transcription factor (Wada et al. 1997; Lee and Schiefelbein 2002; Ryu et al. 2005) . CPC then moves into the adjacent hair cells to compete off WER and binds with GL3/EGL3-TTG to form a different transcriptional factor complex. The formed CPC-GL3/EGL3-TTG complex is unable to promote the expression of GL2, releasing the GL2-inhibition of RHD6 expression (Ishida et al. 2008; Song et al. 2011; Kang et al. 2013) . As a result, RHD6 promotes expression of the genes involved in tip growth to ensure the cell developing into a root hair (Masucci and Schiefelbein 1994).
In scm mutants, the preceding transcription factors, including GL2, CPC, WER, and EGL3, all show a disorganized expression pattern, suggesting that SCM mediates the position signal-regulation of these genes (Kwak et al. 2005 ). In addition, WER and 
GASSHO1 (GSO1) and GSO2 regulate root epidermal cell specification
GSO1 and GSO2, two homologous LRR-RLKs, were initially found to control the formation of embryo epidermal surface in Arabidopsis. Mutation of GSO1 and GSO2 caused epidermal defects, leading to the adherence of cotyledons to endosperm during embryo development (Tsuwamoto et al. 2008) . suggest that GSO1 and GSO2 also play important roles during root epidermal cell fate determination. The detailed molecular mechanisms, however, are yet to be elucidated.
ROOT HAIR TIP GROWTH
After initiation, the bulges in the root epidermis grow slowly first, and then enter into a fast tip growth process to finally produce root hairs. Numerous cellular and extracellular components, including calcium ion (Ca   2+   ) , ROS, cytoskeleton, and extracellular pH, have been found to coordinately function in the tip growth process (Grierson et al. 2014) . Ca 2+ and ROS are two main players sustaining polarized cell growth (Wymer et al. 1997; Foreman et al. 2003) . The cytoplasmic Ca 2+ forms a tip-focused concentration gradient in a root hair to direct its growth (Figure 2 ).
FERONIA (FER) activates RHO GTPase signaling to control ROS-mediated root hair elongation
FER, a member in the Catharanthus roseus RLK1-like (CrRLK1L) subfamily, was initially identified as an important regulator mediating male-female interaction during pollen tube reception (Huck et al. 2003; Escobar-Restrepo et al. 2007) . A recent study found that mutation of FER also leads to severe root hair defects ranging from collapsed, burst, to short phenotypes (Duan et al. 2010 
ROOT HAIR SPECIFIC 10 (RHS10) negatively modulates root hair growth
RHS10 is a proline-rich extensin-like receptor kinase (PERK), including 88 proline residues and seven extensin motifs in its extracellular domain (Hwang et al. 2016 ).
RHS10 contains a root hair-specific cis-element within its promoter region and is specifically expressed in root hairs (Won et al. 2009 ). Mutation of RHS10 causes a prolonged tip growth process and thus longer root hairs relative to wild type (Hwang et al. 2016) . RHS10 overexpression suppresses whereas rhs10 mutation increases the levels of ROS in root hairs as visualized by H2DCFDA, an ROS-sensitive fluorescent dye (Hwang et al. 2016) . On the other hand, RHS10 interacts with RIBONUCLEASE 2 (RNS2), a member of class II RNase T2, to modulate RNS2-mediated RNA degradation during root hair growth via an unknown mechanism (Hwang et al. 2016) .
CONCLUSION AND PERSPECTIVES
SCM, BRI1, and GSO1/2 were found to be involved in root epidermal cell fate specification (Figure 1) . scm bri1 double mutant shows an additive effect on 
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